The Mucin 1 (MUC1) oncoprotein is aberrantly overexpressed in diverse human malignancies including breast and lung cancer. Although MUC1 modulates the activity of several transcription factors, there is no information regarding the effects of MUC1 on global gene expression patterns and the potential role of MUC1-induced genes in predicting outcome for cancer patients. We have developed an experimental model of MUC1-induced transformation that has identified the activation of gene families involved in oncogenesis, angiogenesis, and extracellular matrix remodeling. A set of experimentally derived MUC1-induced genes associated with tumorigenesis was applied to the analysis of breast and lung adenocarcinoma cancer databases. A 35-gene MUC1-induced tumorigenesis signature predicts significant decreases in both disease-free and overall survival in patients with breast (n = 295) and lung (n = 442) cancers. The data show that the MUC1 oncoprotein contributes to the regulation of genes that are highly predictive of clinical outcome in breast and lung cancer patients.
Introduction
Mucin 1 (MUC1) is a member of a family of extensively Oglycosylated proteins that are predominantly expressed by epithelial cells. MUC1 and other mucins constitute a physical barrier that protects epithelia from damage induced by exposure to the external environment (1) . MUC1 consists of two subunits that form a stable heterodimer after translation as a single polypeptide and autocleavage in the endoplasmic reticulum (2, 3) . The MUC1 NH 2 -terminal subunit (MUC1-N) is the mucin component of the dimer containing variable numbers of 20 amino acid tandem repeats that are subject to O-glycosylation (4) . At the apical border of the normal epithelial cell, MUC1-N extends beyond the glycocalyx through a noncovalent complex with the transmembrane MUC1 COOH-terminal subunit (MUC1-C; ref. 5 ). In concert with transformation and loss of polarity, MUC1 is aberrantly overexpressed over the entire surface of breast carcinoma cells (6) . Importantly in this regard, overexpression of MUC1 is sufficient for the induction of anchorage-independent growth and tumorigenicity (7) . Specifically, other studies have shown that the MUC1-C cytoplasmic domain (MUC1-CD) is responsible for the induction of transformation and that the MUC1-N subunit is dispensable for this response (8) . Overexpression of MUC1 also confers resistance to stress-induced cell death, including that conferred by exposure to genotoxic anticancer agents (9) (10) (11) . Targeting of the MUC1-C subunit to the nucleus attenuates p53-mediated apoptosis in the response to DNA damage (12) . However, it is not known to what extent MUC1-C can alter transcriptional patterns of cells overexpressing this gene and how these patterns may relate to MUC1-C associated tumorigenesis. As well, it is not known whether MUC1-C-induced genes are associated with poor prognosis in breast cancer and potentially other types of cancer.
Materials and Methods
Cell culture and tumor models. Rat 3Y1 embryonic fibroblasts were transfected by an empty vector (3Y1/Vector) or one expressing the cytoplasmic domain of MUC1 (3Y1/MUC1-CD) and maintained as described (8) . 3Y1/Vector and 3Y1/MUC1-CD cells were injected s.c. into the hind limbs of female athymic mice (FCRI-Taconic) in increasing concentrations from 10 2 to 10 7 cells in 100 AL of PBS per mouse. Ten mice were injected at each cell concentration. Tumor volume was determined by direct measurement with calipers and calculated using the formula (length Â width Â depth/2). When the tumor volume was >2,000 mm 3 , mice were euthanized using CO 2 followed by cervical dislocation. Tumors were excised, snap frozen in liquid nitrogen, and stored at À80jC until RNA extraction. All animal experiments were conducted in accordance with institutional guidelines at The University of Chicago.
RNA extraction and purification. RNA was collected and purified from confluent cell cultures using TRIzol reagent (Invitrogen Life Sciences) according to the manufacturer's instructions. Frozen xenografts were sectioned into pieces f5 mm 3 in size and soaked overnight in RNAlater-ICE solution (Applied Biosystems-Ambion). Samples were spun, washed in RLT buffer (QIAGEN), and homogenized on ice using a mechanical glassTeflon homogenizer set at 3,000 rpm. Further purification was performed using a combination of RNeasy spin columns and TRIzol reagent, as previously described (13) . The quality of samples was assessed using gel electrophoresis in 1.8% agarose and spectrophotometry, and samples of high quality were transferred to the Functional Genomics Facility of The University of Chicago for labeling and hybridization with GeneChip Rat Genome 230 2.0 Arrays (Affymetrix).
Statistical analysis of DNA microarray data. The selection and analysis of genes differentially expressed in 3Y1/Vector and 3Y1/MUC1-CD cells in vitro and 3Y1/MUC1-CD xenografts was based on previously detailed approaches (14) (15) (16) (17) . Briefly, each array was hybridized with a pooled sample normalized to total RNA and consisting of RNA obtained from three independent xenografts or cell lines. After data retrieval and scaling using MAS 5.0 suit (Affymetrix), data were rescaled using ''global median normalization'' across the entire data set (17) and filtered using a multistep filtration method, which involves the application of Receiver Operating Characteristic analysis for the estimation of cutoff signal intensity values (14) . Subsequent analysis was based on pair-wise comparisons (3Y1/Vector in vitro versus 3Y1/MUC1-CD in vitro and 3Y1/ MUC1-CD in vitro versus 3Y1/MUC1-CD in vivo) of duplicated arrays using Significance Analysis of Microarrays (18) version 3.0. Differentially expressed probe set IDs were selected using a 2.0-fold induction cutoff level with a False Discovery Ratio of 0. Selected probe set IDs were gene annotated and functionally designated using Ingenuity Pathways Analysis (Ingenuity Systems, Inc.).
Statistical analysis of clinical cancer databases. We analyzed two publicly available cancer databases containing expressional data from breast cancer (19) and adenocarcinoma of the lung (20) to determine if the genes representing MUC1-CD-induced tumorigenesis have predictive value in determining the outcome for each patient sample. Statistical analyses were performed using samples for which survival data were available, which included 295 breast cancer and 442 lung adenocarcinoma cases. All statistical analyses were performed using JMP 7.1 (SAS Institute, Inc.). The raw signal intensity for each probe set ID of interest for each patient was normalized to the median value of the probe set ID across the entire database and subsequently log 2 transformed. Multiple probe set IDs for a given gene were averaged for each patient sample to obtain a representative expression value for each gene. Expression data were clustered using hierarchical clustering via Ward's method to visualize gene expression patterns across each database. Genes having uniform expression across the patient samples were eliminated and not used for further analyses. K-means clustering was performed to partition the patient samples into two clusters, and principal component analysis was used to visualize the clusters. To identify the genes that were differentially expressed between the two patient clusters, quantile-quantile plots were used to confirm that the gene expression distribution of each gene was approximately normally distributed across the database. Subsequently, F tests were used to test the null hypothesis of equal variance for each gene between the two patient clusters. The result of the F test (equal or unequal variance) was input into an unpaired two-tailed Student's t test to test the null hypothesis of equal magnitude of expression of each gene between the two patient clusters. The a level for each t test was 0.05 but corrected for multiple comparisons using a Bonferroni correction that adjusted the a level to 0.05 divided by the number of comparisons of interest (i.e., the number of genes in the analysis). Kaplan-Meier survival analysis was performed to determine whether clustering based on the differential expression of the MUC1-CD-induced genes could identify patients with decreased survival. Survival analysis was performed on clusters defined by k-means clustering, and logrank tests were used to test the null hypothesis of equal survival functions between the two patient clusters. To derive the 35-gene MUC1-CD-induced Tumorigenesis Signature (MTS), the approaches outlined above were used to select the genes that were differentially expressed in each database but similarly regulated (either overexpressed or underexpressed) in both databases.
Results
To assess the effects of MUC1 on gene expression patterns, 3Y1 fibroblasts stably transfected with an empty vector (3Y1/Vector) or MUC1-CD (3Y1/MUC1-CD) were injected into the hind limbs of athymic mice. Tumor formation was not detectable when 10 3Y1/Vector cells were injected (Fig. 1A) . By contrast, tumors were formed after injection of 10 4 3Y1/MUC1-CD cells (Fig. 1A) . Tumor formation was also detectable when injecting 10 3 , but not 10 2 , 3Y1/ MUC1-CD cells (Fig. 1A) . To investigate the genes associated with MUC1-CD-induced tumorigenesis, we performed expression profiling of 3Y1/Vector and 3Y1/MUC1-CD cells growing in vitro, and of 3Y1/MUC1-CD cells growing as tumor xenografts. Using Significance Analysis of Microarrays, we found 299 probe set IDs corresponding to 290 genes differentially expressed in 3Y1/MUC1-CD compared with 3Y1/Vector cells grown in vitro. Moreover, 322 probe set IDs corresponding to 282 unique genes were differentially expressed in 3Y1/MUC1-CD cells growing as tumor xenografts compared with that in vitro (Supplementary Table S1 ). Importantly, the transition from growth of 3Y1/MUC1-CD cells in vitro to in vivo was associated with significant increases (10-to 1,000-fold) in the expression of genes encoding proteins involved in cytoskeletal organization and extracellular matrix formation (Fig. 1B) . In addition, there were substantial increases in genes encoding cytokines and growth factors (Fig. 1B) . These findings indicated that MUC1-CD-induced tumorigenicity is associated with distinct changes in gene expression.
Expressional clustering of Significance Analysis of Microarraysselected genes identified unique patterns for the 3Y1/Vector and 3Y1/MUC1-CD cells grown in vitro and for the 3Y1/MUC1-CD cells grown as tumors (Fig. 2A) . The combination of expressional and functional gene clustering identified two broad subgroups of genes functionally representing tumorigenesis (subgroup 1) and cell motility, metastasis, and angiogenesis (subgroup 2). Subgroup 1 is composed of 92 tumorigenesis-related genes with 62 up-regulated and 30 down-regulated in vivo (Fig. 2B) . Up-regulated genes included those linked to cell cycle regulation and proliferation (Fig. 2B) . Up-regulated genes in subgroup 1 are also those involved in stress responses (Egr1, Gadd45), the Wnt signaling pathway (Axin2), cell-cell and cell-extracellular matrix interactions, and inflammation (Fig. 2B) . Down-regulated genes include those involved in DNA repair (Xrcc5), checkpoint control (Bub1b), cell adhesion (Cdh2), and steroid metabolism (12 genes; Fig. 2B ). Subgroup 2 included 38 genes that were predominantly upregulated in vivo and involved in promoting cell motility, induction of angiogenesis, and activation of cell-cell and cell-extracellular matrix interactions (Fig. 2C) . Ingenuity Pathway Analysis was further used to assign known functions to 175 of the genes that were up-regulated in vivo. Based on this analysis, 100 of these genes are functionally linked to cancer. For example, 44 genes are associated with cell proliferation and another 39 genes encode proteins that control cell death (Supplementary Table S2) . Moreover, 36 genes have been functionally linked to the development of metastases (Supplementary Table S2 ). Eight genes related to tumor angiogenesis (Angptl4, Col18a1, Cst3, Ctss, Itga1, Mmp2, Mmp14, and Serpine1) were also up-regulated in the 3Y1/ MUC1-CD tumor xenografts compared with that obtained when these cells were grown in vitro. These findings thus collectively indicate that MUC1-CD-induced tumorigenesis is associated with the activation of genes that functionally contribute to the growth of tumors in vivo.
We hypothesized that the genes representing MUC1-CD-induced tumorigenesis predict a worse prognosis in cancer patients. To test this hypothesis, we used two independent expressional databases representing 295 cases of breast cancer and 442 cases of lung adenocarcinoma (see Materials and Methods). First, we used the 282 genes differentially expressed in 3Y1/MUC1-CD cells growing as tumor xenografts compared with genes expressed in vitro and representing MUC1-CD-induced tumorigenesis (see Supplementary Table S1 ) for analysis of the breast cancer database. We derived a set of 93 MUC1-CD-induced genes (marked by * in Supplementary  Table S1 ) using gene expression clustering and the statistical selection of differentially expressed genes (see Materials and Methods). Figure 3A shows stratification of the breast cancer samples into two distinct subgroups differing in expression of the 93-gene set. Using Kaplan-Meier statistics, we found that tumors from breast cancer patients expressing this 93-gene set had a significantly worse prognosis than those from patients not expressing these genes (overall survival, P = 8.7e-05; metastasisfree survival, P = 6.0e-03; Fig. 3B ). We further analyzed these 93 genes in a composite database of patients with adenocarcinoma of the lung. These 93 genes were also prognostic in this database (overall survival, P = 2.0e-03; relapse-free survival, P = 7.6e-03; Fig. 3C ). Using the statistical approaches outlined above, we narrowed the 93 genes based on similarities in gene expression between the breast and lung cancer databases (see Materials and Methods). Table 1 lists the 35 genes that remained after this analysis. This subset of genes was named the MUC1 tumorigenesis signature (MTS). The results show k-means clustering of the breast (Fig. 4A) and lung cancer (Fig. 4B ) databases into two distinct groups based on expression of the MTS, which we defined as MTS+ (expressor) and MTSÀ (nonexpressor). The MTS+ group represents 37% and 42% of breast and lung cancer patients, respectively. Importantly, in both types of cancers, the MTS+ group had a statistically significant decrease in overall survival (breast, P = 8.0e-04; lung, P = 4.0e-04; Fig. 4C and D) as well as in disease-free survival (breast, P = 0.028; lung, P = 0.011; Fig. 4E and F) .
Discussion
The present studies show the significant tumorigenic potential of MUC1-CD. Injection of 10 4 MUC1-CD-transfected 3Y1 cells was sufficient to establish tumors in athymic mice, whereas for most tumor cell lines, it is necessary to inject at least 10 6 to 10 7 cells (21). To define the genes involved in MUC1-CD-induced tumorigenesis, we used large-scale expressional profiling and compared the cell lines transfected by MUC1-CD in vitro with tumors established from these cell lines in hind limb xenografts. The genes differentially expressed in MUC1-CD-transfected xenografts were significantly enriched by functional groups associated with tumorigenesis. Among them were gene families that contribute to transformation and induction of the tumor microenvironment. Importantly, we also identified gene families associated with cell motility, angiogenesis, and metastasis-functions previously associated with overexpression of the MUC1 protein. These results suggest that some of the tumor-related functions of MUC1 are associated with induction of specific transcriptional cascades by the MUC1 cytoplasmic domain.
To further investigate the potential relevance of MUC1-dependent genes identified in our experiments, we applied them to analyses of clinical expressional databases. Overexpression of the MUC1 protein has been associated with a poor prognosis in several human adenocarcinomas including breast and lung cancer (22, 23) ; however, these studies did not identify mechanisms by which MUC1 confers poor prognosis or whether MUC1 is associated with the regulation of gene subsets linked to cancer. Here, we report that the MUC1-CD induces broad changes in the pattern of gene expression in a rodent experimental model that remarkably predicts a poor prognosis in patients with adenocarcinoma of the breast or lung, suggesting that the gene expression patterns induced by MUC1-CD, unlike many empirically derived gene ''signatures, '' may be important for tumorigenesis in diverse types of human cancers. The importance of MUC1-CD in tumorigenesis and cancer therapy has recently been reviewed (24, 25) . These reports emphasized the physical interaction of MUC1-CD with proteins important in cell transformation and survival after cytotoxic stress and the posttranslational modifications of MUC1-CD. Our findings emphasize the downstream transcriptional programs associated with MUC1-CD-induced transformation and are consistent with the association of MUC1 with key transcription factors such as estrogen receptor-a and p53 (12, 26) . In summary, our data provide strong support for the oncogenic potential of the transcriptional programs activated by MUC1-CD and a new biologically derived molecular classifier for the stratification of patients with breast and lung cancer.
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